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7c C@NTACT IGTAMOBPHISM I N  THE 

MT. TALLAC ROOF IUXNAN'J! 

SIEZU NEVADA, CALIFORNIA* 

Alden A. Loomis 

IiWiUDUCTION 

il large remnant of the roof of the composite Sierra Nevada 

batholith is  exposed a t  the crest  of the range within the Fallen Leaf 

Lake 15'  quadrangle (Figure 1). The roof remnant consists of a 

15,000-foot section of Triassic( ?) and Jurassic metasedimentary and 

metavolcanic rocks which have been intruded by a dozen stocks and 

batholiths and numerous smaller bodies. The remnant i s  two t o  four 

r a e s  wide and about 10 miles long. The plutons range in composition 

from gabbro t o  granite, although granodiorite bodies a re  volumetrically 

by far the most important. 

A 7600-foot sequence of meta-andesite and metabasalt tuffs ,  

tuff-breccias, and flows conformably overlies a 7500-foot sequence of 

marine and f luv ia l  sandstones, si l tstones,  and conglomerates within 

the remnant. 

conspicuously absent from the sequence. 

showing the gross dis t r ibut ion and s t ructural  trends of the metamorphic 

rocks and the dis t r ibut ion and composition of the  'plutons. 

Carbonate rocks and highly aluminous shales a re  

Figure 2 is a geologic map 

':The work was star ted a t  Stanford University dur- 1958-1961. It w s  
completed at  the C a l i f o d a  Inst i tute  of Technology, 
J e t  Propulsion Laboratory, sponsored by the National' Aeronautics and 
Space Administration under NAS 7-100. 
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--- Fzc;.e.: 5aci Tnzctj@. -- T'r, .isti.Zbution 02 the  metamorphic 

mineral facie= 1~5.t.hin the roo: rK-r- ;cU are plotted i n  l igure  2. 

Contact EetaEorphic roineral facies are  keyed on mar"ic: ass?' Sages  

only. The facies Jesignations used a re  those of Tuner  ;Td72e,  UT..^; 

and Verhoogen, 1958) except for the  substi tution here of t h e  actinolfit; 

hornfels facies f o r  the more comon albite-epidote hornfels facies. 

Yific rocks containing a l b i t e  plus :-idote are not as comb:- i n  the 

E4t. Tallac remnant as those contairirr  actinoli%? greenish biot i te ,  

and 3:e calcic plagiocl.,s-. 

m i x ? .  .I assemblage. Changes in  ke;? r;iineral assemblages are plotted 

on .E  map as changes in mineral f te ies .  

dt.--rg .-oped under soine range of temp:_r&ture, t o t a l  pressure, and 

Thsse mineral assemblages 

vc"' ->: phase eo-position, End 23r r L \ - c s  of r a f i c  composition within 

a n .  Jven facias, the rmga :; P, - conditions was probably closely 

si ,1-,lar throughout the  area. 

Important changes ir :.linerel asse&laies ir- r x k s  of other 

ccr-.;70sitions may or  may not coinojde in the f i e l d  +.%h %e ch'anges in 

m 3 . c  rocks. For example, the calcareous aszablage  grossularite-quar, 

I-cElcite) is  found 5x1 the 2c;inolite-hornfels facies  i n  the N t .  Tallac 

I 

ce: -:-:eo rocks occurred far ther  2rm the contacts than Zhe start of 

the  actLm'.ite t o  hornblendo r e a c t i m  i n  mafic rocks. Grossularite I: 

COE. -rLy zoksidered t o  be xrrelatL;r3 with the hor.:~:iarde hornfels - - - * ,  

rcc-Is but i n  the hornblende-hornfels facies  elsewhere. In  the N t .  Tallac 

re. -:.-.fit> :;e start of the reaction f o  produce grossularL-'-,x garnet in 
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i n  x o s t  other areas. 

Li.3. Fcol i te  - c l i r o  zo i s  it e) occurs v i th  act  i no l i t  e-bearing mafic rocks 

i n  the  1 3 .  Tallac renmant; the appearacce of diopside is not correlrti-v-t 

Also, the asseid2age diopsick-qcart z-calcite 

with the low-grade l i m i t  of t he  hornblende hornfels facies  as de-i;erxLmc 

by mafic rocks. 

ROCKS FAXTmST FPGE TlZ  CONTACTS 

The lowest grade rocks within the roof remnant have a l l  been 

more or  less recrystallized. 

E& molcznic and p,etasediclen";x-y roacs  have recrystall ized t o  minerals 

The fine-grained matrices of both 

diskinctive of the albite-epidote horni'els facies except f o r  the 

wlciaspread xxtastabi l i ty  of calcic plagioclase i n  place of the pal- 

albite-epidote. Chlorite i s  xuch less corqon than in typica l  

r 

. 

greenschist t e r r a i i s .  Pm;3eilyite has not been recognized. 

 nos^ rocks have no; 'cam deformed internally 2nd are not 

schistose except local ly  nem sorrie igneous coxac t s  2nd 2 some fault 

zones. 

Zzfic and intermediate rocks. -- Silica-saturated mafic znd 

intemediate  assemblages fzrthest  from the contacts are 

plagioclase (An~-~o)-actindite-quartz-green t o  t a n  biotite-ore. 

Nuch less cormon is the assemblage 

a lb i t e  -sct i no l i t  e -epidot e-lfiiot it e ( chlorite) 

which is  foupd -h inost areas e1sewkc;re. 

contain a t a n  anphibole with refractive indices less than 1.66 and higk 29;;. 

I k l l c t  clinqojrroxene is present in  some uralite pseudomorphs (Figure 3 ) .  

Silica-deficient rocks coms~Ld 
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The breakdom of cl5aopyroxene t o  zct inol i te  ( largely a volume 

f o r  voluze replacezent) occwred ge3eraliy without the usual 

braakciown of plagioclase t o  zpidote end albi te .  For t h i s  reason, 

the  low-grade rocks have beer, assigried t o  the ac t ino l i te  hornfels 

facies  , 

Plagioclase i s  rarely albi te ;  it is  clear  t o  turbid, and 

the very fine-grained clouding is  concentrated in the calcic  zones. 

The plagioclase coexisting i n  the ac t ino l i te  rocks is not 

recrystzllized; original phenocrysts re ta in  t h e i r  euhedral shape and 

osc i l la t s ry  zoning, 

niet;ssab;_lity of calcic plagioclass i s  tha t  exxxs sodium k a t  would 

noxxally heve been derived f:om sea water was absent in t h i s  seque;.:c 

A poss2ble ex->lar,z.tion fo r  the continued 

of non-marine rocks. 

elsewhere indicate tha t  a lb i te  replaced calcic p lq ioc la se  volume 

f o r  volume. Therefore, sodim must have been derived fror. source 

outside the plagioclase i t s e i l  because the mere breakdown of calcic  

plagioclzse t o  a lb i te  plus e,ldote i s  a reaction with a decrease of 

volume of nearly 20 percent. 

Comonl.y-obssrved relations in greenstones 



Calcareous metasedheztaqr rocks. -- Assemblages coexisting 

w i t >  actinolite-bearing xefic roclts are, with increasing CaO: 

a )  p a r t  z-act inolite-albite-biot i t e  

b ) Quart z-a c t i n o l i t  e 4iolss idic  clinopyr oxene -a lb i t  e - 
(biotite-epidote)’ 

c) auartz-diopside-albite-( calcite-epidote) . 
These assemblages occur interbedded with.one another, and therefore 

the control on the presence of an anghibole or a clinopyroxene is  

very sensit ive t o  composition. Figure 4 shows coexisting diopsidic 

augite and a pale green act izol i t ic(?)  amphibole. 

mirierala ere quartz, clinozoisite, znd calcite.  

clinopyroxene t o  CaO ac t iv i ty  is discussed below. 

Other hpor t an t  
d 

The relas:un of 

d 

, 

\ 
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Some netasedirner:;;zi.-, rocks cogtain patches of a l c i t e  up t o  

0.05 m a  across which irre"giLr1y r@ace detr i ta l  plagiociass; it 

i s  zot kno+m a t  what time i n  %he history of the  rocks t h e  a i b i t e  wis 

iritroduced. Epidote-replaced c l a s t s  i n  the conglomerate i l ~ a  epidota 

nodules loca l ly  present in ti?e tuff-breccias nake epidote a 

volumetrically important xinei-al. Zpidote occurs with o r  without 

magnetite and quartz in veins, nodules, and alo-ng shear zones in 

metavolcanic rocks near igneous contacts. The epidotization is 

clear ly  related t o  the intrusive r3cks. The best area i s  t h a t  

ad;oinLx the  northern contact of Yie Keiths Coae q-darte monzonite 

fro; Fcllen Leaf Lake t o  Glen Alpir-e. Veins of quartz, epidote, 

magnztite, and tourmaline are corn-on. The epidote was introduced iri:c 

t h e  -.zllrocks ear ly  in t h e  history of the intrusion of any- par t icular  

gran i t ic  body because t h e  nodules and veins are themelves contact 

, 

The l ine  delimiting the  low-grade boundary of the hornblende- 

horrdels facias  as here described i s  defined by the change of ac t ino l i t e  

t o  ;?omblende i n  naf ic  rocks. 

indicator because it was not albite pr ior  t o  recrystall ization. 

op-Lical and chemical limits of ac t ino l i te  in rocks of noma1 basa l t ic  

coFpositions have not been defined. 

in decisions regarding recognition of the mphiboles, three different  

c r i t e r i a  were used in  petrographic deteminations : 

Th6 plagioclase composition is not an 

The 

I n  an e f for t  t o  be consfstect 



a) fibrous unorientea pale g e e n  masses sf l*u-alit.e'l  

that  have r e l i c t  cores 02 2yroxene are  called sctixolize; 

optically orient ed recrystall ized pseudomorphs zrz called 

ac t ino l i te  i f  they have .xiLtiple twinning on (EO) ; 

amphiboles tha t  are pale green, blue-green, o r  yellow-grean 

i n  2 are  called act inol i te  i f  they have nZ less than 1.660. 

b) 

c) 

The assexblage hornblende-plac5oclase changes t o  hornblencle- - 

diops5dic augite-plagioclase in the irmermost zones of the aureoles 

a t  Glen AlpLYe and Dicks Lake. Accordingly, the line markbg the first 

appearance of xetamorphic clinopyroxeAe 5n mafic rocks has LGsn plotted 

i n  F igwe  2 where control exists. 

Kinera1 Assemblages Lnd Textures 

Mafic and intermediate rocks. -- Undersaturated rocks have 

zhe asseriiblage labradorite-greanish tan hornblende-red brown biotite-m-.. 

&t.. LiGtx M O  r a f i c  rocks have the Z i r s t  of the following assemblages almost 

miveL.aAA?-y; they davelop the ,ast LWO ;s;emblages only 1ocC;y and a t  

higher grades : 

An30-50-green hornble2de-greenish brown biotite-quart z( -ore) 

Ari3~-.50-green hornblende-brown biotite-diopsidic augite-quartz - 
-9n30-5o-brown biotite-diopsidic augite-quartz. 

It i s  important t o  recognize the difference between prograde 

and i-atrograde hornblende. Figure 5 shows ths clean, unsieved texture 

of prograde hornblende; Figure 6 shows coEpiexiy poikiloblastic retrograde 

nornblende which has developed after Liopsidic augite. Relict plagioclasi 

textures a re  r e x b e d  even i n  :he highest grade rocks at  Glen Alpine 52r!bT-. aa 

(Figwe '7) . 
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The mdxmorphic augite tha t  1 s  far thest  Trom the contact i n  

the m f i c  rocks occurs in isolated grZ2c-s jn SII?~U replacemat veins 

of quartz, H feldspar, and aedium oligoclase. 

of the augite i s  about 200 30 250 f ee t  Tram the contact a t  Glen Alpine 

The first appearance 

Springs. 

a t  Dicks Lake. 

a t  Glen Alpine Sprirgs have developed augite but none contain 

hypersthene, even in the most  mafic l a p i l l i  in tha tuff-breccias. 

These relations indicate tha t  the presence of augite ra ther  than 

hypersthene a t  t h i s  contact is  due t o  insufficient temperaturt, not 

merely t o  a high CaO content. 

It is  local ly  distributed around the contact of the pluton 

A l l  of t he  metavolcanic rocks around the granodiorite 

Table 1 contains modes of f ive typical  netabaszlts ca.;-l.ecteu 

a t  dizferent distances fron the east contact of Glen Alpine qsmodiorite. 

Xotixdy, K feldspar, and augite increase toward the contact %'i the 

+sper_se of hornblende and anorthite. 

- r e  sroradic 2nd dependent on Lath o:-l;Lnal composition and retrograde 

oxidation of specimen B. 

hornblende-biotite specimen L+l+f+ t o  the augite-biotite specimen B are 

The changes in quartz and ore ( ~ ~ G r - ~ ~ i ~ ~ ~  

The actual xineral  changes in% from the 

i i s t e d  in the last  column of the table.  Those two samples are used for 

the  comparison because they match most closely in  chemical composition. 

The change in volume of plagioclase Trom 50 t o  43 percent between 4.4.4 and B 

indicates that plagioclase entered the reaction t o  form the augite. 

following simplified reaction approximates the complex t o t a l  reaction 

which took place during the r"o,mation of the augite-biotite hornfelses 

from the hornblende-biotite hornfelses: 

The 



I 
Table 1. irlodes or" f ive  netavolcanic hcxfelses  a t  different  distacces fron the  

Glen AlpLre granodiorite, and analyses or" comparison spechens 444 and 2. 

Distance from 1800 
nearest contact fee t  

2% Specimen no. 

1 
50 

3 

42 
3 
1 

tr  
100 
- 

400 3 50 200 
f ee t  %et feet  

6.5 4.5 6.4 
50.0 50 .O 51.7 

3.1 
34.0 27.6 19.2 

9.0 16.4 20.7 

C . l  0.1 

0.5 1.2 

54.41 
18.29 
0.93 
1.70 
7.32 
3 092 
8.U. 
3 J3 
1.40 
nd 

99.24 
- 

30 
f ee t  

modal chanse : 

, -  B ,M. 

1.2 - 5.3 
- 5.7 43 03 
+ lc.8 4.8 

1.1 - 32.9 
19.4 4- ;0,4 
25.8 . +- 25.8 

4.2 

0.2 

1EX 

54. ('5 
16 .?$ 
0.71 
3 4.3 
6.24 
4.61 
7.09 
3 009 
3.20 

nd 
99.21_ 

Pkgioclase 
An 

40 
An 

A"ll0 h45 h50 40 coniposition 

Density 2.935 2.895 2.855 2.850. 2.870 
,.. . 

> ~ i s l y s a s  by A .  G. Loomis, Srkeley,  California 
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0.15 Ca$ii4AlSi7Al.022(OH)2 + 0.08 K fi 0.G5 CaA123i208 , 
(1) - 21" 

hornblende anorthite 
34.05 cc 5.10 cc 

0.35 CaIIgSi 0 + 0.05 K$g FelJSi A l , O  (OH)& 4- 0.06 KAlSi 0 + 0.01 Sic: 
2 6  4 5 3 20 3 8  ... 

clinopyroxene b io t i t e  K feldspar qLi3.2fz 

0.226 cc 11.45 cc 6.53 cc 22.95 cc 

+ 0.07 A1203 + 0.05 H20 

water 
1.84 cc 

Total volumes at  600°C and U+.OO bars: 39.15 cc - 43.Ci cc 

, 

Table 2 conpares the sol id  vol.m.ss imolved i n  the reaction :.hich were 

compLi.a5 from the modal data w5th those in the reaction as written abova. 

The ~ ~ : e ~ p ~ n d e ~ e  is  reasonably got?. ;:xi could be made t o  be closer by 

...A 27-titr.arily adjusting the conpositions of t h e  hornblende and b io t i t e  and 

acidb4 iron t o  ti?e model equation. The -3xportant point i s  tha t  the zone 

of K2Cl introduction coincides closely with ,the appearance of diopsidic augite 

The reaction of hornblende t o  augite i n  rocks of any given CaO content 

apparectly my take place a,t lower tenperatures when K feldspar and b i o t i t e  

are also possible products. 
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Tzble 2. Comperiso;l 

hornblende 

modal 

calculated 

. mdal 

calculated 

of ~ o d a l  and cslculated voluims involved in 

t o  augite reaction shown by specimens 4.44 and a. 

.__3 hornblefide + quartz 4- anorthite 

32.9 5 03 6.7 

34 - 0  5 .I 

au,? 5% e + :.siotite + K fe1dsp.w 

25.8 10.4 4.8 

23 11.5 6.5 



rnt Calcareous rocks. -- Ine zss;ziblage 

quartz-diopside-grossularite-Dlaffioclsse is commonly considered t o  have 

Tomed under the same conditions as hornblende-bearing mafic hornfelses. 

Rocks with grossularit ic garnet coexist with actinolite-bearing mafic 

rocks i n  the Xt .  Tallac roof remnant, however. 

such rocks a re  specimens 364, a tuff-breccia, and 368, a metsconglomerate. 

The best  ex2zples of 

They occurred about 300 feet  apart ami the tuff-breccia was 150 feet, 

closer t o  the contact of the Dicks Lake pluton. The metaco@oraer&z is 

rriuch r2oi-e rscrystall ized thsn the tu:;-breccia; it is  a hete7ogeneous 

rock t h z t  corhains about 40 percent quartz, 20 percent plagioclase, a 4  

nearly equal anounts of anphiboles, diopsidic augite, calcite,  and 

grossular i t ic  garnet, with &or epidote and sphene. 

masses with calci te  and clinoppoxerlz %hat form the mtrk of the pebbles. 

The garnet i s  ix 

The tuff-breccia specimen contains no hornblerde, yet it was 
I 

150 f z e t  cioser t o  the contact than ';he netaconglomerate. This re la t ion  

z) "he rocks a re  e q u i l i b r k a  assemblages of the albite-epidote- 

hornfels facies. 

b) A meaningful facies designation cannot be given t o  the meta- 

volcanic rock because t h e  common low-grade aluminous minerals 

chlorite and epidote were not present t o  f a c i l i t a t e  the 

reaction of ac t ino l i te  t o  hornblende. 



e) . -The temperature could have been higher at a given distance 
7 .  

f ramthe  contact in the metaconglamerate unit than i n  the  

. metavolcanic unit for  two reasons. Firs t ,  the  thermal 

d i f fus iv i ty  of the  former is about twice that of the 

latter. Us* average values f o r  t h e d  conductivity k 

f o r  the (quartzit ic) mataconglomerate and the tuff-breccia 

- .  

-. 
b 

of 10 x loo3 and 6 x loo3 c a l  respectively 

(Birch, et al., 1942, p. 253-2561, densi t ies  

and 2.90, and a heat capacity c of 0.22 f o r  both, the 

sec CZB deg 
of 2.75 /” 

’ diff’usivities (d- k ) are 16.5 x loo3 f o r  the metaconglom- 
4 p“. 

erate, and 9.4 x f o r  the  tuff-breccia. Second, the  

conglomerate unit must have been mch more permeable t o  . t  

heated water being forced through the walls away from 

the hot pluton. Much more water per unit t ime would be 

expected t o  t r ave l  through the metaconglomerate; the water 

would lose heat t o  the containing rocks by condensation. 

t h a t  the ac t ino l i te  t o  

hornblende reaction was inhibited while the ca lc i te  plus 

4 

d) fH20 was so high relat ive t o  f 
GO2 

/ I 
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One occurrence of wollastonite is in the aureole of the 

* .  

gabbro at Lake Schmidell. Assemblages there are calcite-wollastonite- 

grossularite-bstownite~-vesuvfanfte). These rocks contained graphite 

originally, but it is not present in the high-grade hornfelses. 

It is possible that the carbon wa8 oxidized at the contact temperature . 
hydrogen from water, but the resultant, increase in fco would only 

2 
tend to inhibit the wollastonite reaction. Wollastonite also occurs 

in the calcareous metaconglomerate east of Dicks Peak out to about 

300 feet fromthe oontact. Mafio rocks are associated with wollastonite c 

hornfelses southwest of Dicks h k e  where the former are hornblende-hornfels 

facies rocks. 
~ 

In association with both hornblende-hornfels and 

. p;yroxene-hornfels facies mafic rocks elsewhere in the area, rocks 

calcareous enough for wollastonite are absent, and the assemblage9 

~ there are combinations of or a l l  of the following minerals 

quarta, diopside, grossalaritio garnet, plagioclase k@,90, K feldspar, 

scapolite, and sphene. 
d ’  

, 
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%&ction of eD5.doti: t o  andrzslze. P- -- Ep iote mdules 2 t o  10 hc:?es 

i n  d k i e l e r  i ra  the  tuff-breccias ha-r.3 p a r t i a l l y  recrystall ized t o  

andraditd-rick; garnet i n  the !--ornble-:de-nornfels facies  rocks a t  

Glen Alpine and in the  pyroxeLie-hornZels facies  rocks a t  Dicks Lake. 

The nodules appear t o  be concretioxry replacement features; others 

r e t a h  r e l i c t  bedding and were epidozized sandstone clasts .  

have reacted with the enclosing metavolcanic rocks i n  the  a-aeoles, 

The nodxles 

adding CaO t o  them and thereby prorcoting the change from hornblende t o  

clinop3Toxene. 

nodds  (sgzcimen 743) from a n f i c  andesite tuff-breccia from the 

walirocks of the Glen Alpine granodLorite: 

The following assemblages are found in and around a 

center of nodule 

v I 
riifi or" noclule 

reacLion zacket i n  
tuff -br ec c ia  

tuff -breccia 

ep ido te -wr t  z 

andradit e-anorthit e-quart z (mimi- _kc .-t i t e )  

:ij-townite-mapnetite-quart z 

- -~hradorite-diopsidic augite-quart z 

(Some other nodules have hedenbergite) 

ac2e sine-hornblende-diop s i d i c  
augite-biotite-quartz. 

The epidote contains 1 3 . 3 s  Fe 0 

membe-. 

basis  of refractive index. 

corresponding t o  about Andradite90Grossularite10 (Skinner, 1956 ; ASTM Data 

Carcis). 

equivalent t o '  about 2% f e r r i c  erla 2 3' 
The epidote from several other nodules is  quite similar, on the 

The garnes has a, = 12.031, and nD =1.87, 
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The reaction of ecidote t o  ;.rdradite plus anorthite '1s not 

s t r i c t l y  stoichiometric; it requires quartz and CaO o r  remov-C of 41 0, 2 3  
Two of the  al ternat ive reactions a r a :  

8 Ca2(Alo~75?eo~25)3S~O~2(OH). 3+ .t 3 Si02 + 2 CaO d ( 2; 
v 

epidote quartz 

9 ca2S i2O8  + 3 Ca Fe3+Si 0 + 4 H20 

anorthite andradite water 
3 2 312 

and 

anorthite anciradit e 

-i- 2 A1203 + Si02 i- 4 H20 

quartz 

The Iron-aluminm balance i n  the andradite of equation (3) c o d d  be 

adzxsted s o  t h a t  a minor amount of 'ce,m-Gite appears as a product, as 

is  ;he case in the  ac tua lmetaorphic  asserKage. The reaction a t  the  

in i t ia l  stage of recrystal l izat ion was probably close t o  reaction (3) .  



Soae preljminary a t t e q t s  t o  reproduce the  reaction a t  

a300 bars PH 

surrounded by h e m t i t e  as a h>droger, sink. 

1962, p. 88.) 

natural  epidote nodules, 

with excess quartz, (c) synthetic oxide mixtures, and (d) &asses 

have been xr,eda, using charges i n  platinum capsules 
2 

(See Eugster and ;Jones, 

Starting materials ham included (a) the W e r i o r s  of 

(b) kztural epidote of appropriate composition 

9 CafiSi208 + 3 Ca Fe3+S' 0 + Na20 + 2 H 
3 2 3 1 2  7 

L 

anorthite andradite reducing 
agent 

made from oxide ;nixtures. R m s  from three weeks t o  six month have 

been made. 

established f o r  a reaction rwch l i k e  reaction (3) above except t ha t  

An equilibrium between 575" and 6OOOC appears t o  have beer, 

hematite ra ther  than corund6m appeai-s in the  products. 

consequently more aluminous than the mtwai andradite; a 

within the range U,975 t o  12.005, corresponciw t o  hdradite60-75 

Grossularite 

garnet euhedra, anorthite, and hematite. 

"he garnet i s  
2 

is  com.or2.y 
9 

F h r s  above 6WoC a t  2OCO bars P produce goldel?,-';i-i;-*z 
$6-25- H20 

One successful run a t  575°C 

prohced yellow-green epidote euhedra but neither garnet, anorthite, 

nor hemt i te .  

T?s  assemblage byto~~ize-ma;;netite-quartz a t  the rim 02 the 

nodule shows an exchange with the  enclosing rock in which some CaO 

went t o  the tuff-breccia and some Na20 went t o  the nodule: 

8 C.dLL2Si208] + 2'Fe3e*04 + 5 Si02 + 10 CaO + H2G 

2 XaUa os 3 
bytownite magnetite quartz 



. 

The excess CaO nay have been used bokh t o  promote the  breakdown of epidcte 

by reaction (2) and t o  promote the reaction of hornblende t o  augite 

i n  the  surrounding tuff-breccia. (See discussion on CaO control of 

clinopyroxene appearance l a t e r  i n  the  paper .) 

PYR4XENE HORVrFELS FACIES ROCKS 

Pyroxene hornfels facies rocks were mapped a t  the appearance 

of hypersthene in mafic rocks. The hornblende-hornfels facies  rocks 

around the quartz d i o r i t e  a t  Dicks Lzke change in to  the higher-grade 

ho rde l se s  where the rocks of the roof remnant previous’ly hac! been 

dr ied by the  Camper Flat granodiorite. The compositional range of the 

high-grade rocks is  small; the assemblages f romthe  most m d i c  t o  the  

most calcic are: 

labradorite-tan hornblende-hmersthene- red b r c n  b io t i t e  

(undersaturatedl 

labradorite-hy-perszhene- red brown biotite-Quartz- K feldspar 

labradorite-h_vpersthene-diopsidic aupite- red brown b io t i te -  

quartz- K feldspar 

andesine-diopsidic augite- red brown biotite-quartz- K feldspar 

quartz-plagioclase %0-90-diopside-garnet- K feldspar-scapolite. 

None of the  rocks contains ore. 



i -  

The biotite-hmersthene reecticn. - An interpre%tion of t he  

ent i re  paragenesis w i l l  be rmde by e x m i n i n g  one rock closely. 

biotite-hypersthene reaction appears t o  be simple because it re l a t e s  -Lo 

only one pyroxene and one hydrous s i l i ca t e .  The reaction relat ion of 

b i o t i t e  t o  hypersthene i s  not evident except under low magnification, 

as shown by a comparison of Figures 8 and 9. Biot i te  and hypersthene 

crystall ized together, as is indicated by the clean c rys ta l  borders and 

s ize  of the 'bioti te tablets,  and th s  lack of a d i rec t  reaction relatior- 

wherein hypersthene might jacket o r  otherwise obviously crystal l ize  

d i rec t ly  from biot i te .  

t i o n  as the following reaction proceeded slowly t o  the right:  

Tine 

- 

The rock was mdergoing continuous recrystal l l -h-  

+ 
7 

XI (OH)4 + 6 Si02 

b i o t i t e  quart z 

hypersthene orthoclase water 

Table 3 lists the mode and analysis of the specimen fo r  which 

the  reaction above 9 s  written and a calculated analysis of the b i o t i t e  

in the  rock. Although the mode shows no K feldspar there is  abundant 

K felcispar in immediately adjacent rocks; apparently it was very mobile 

during recrystal l izat ion and tended t o  concentrate (Figure 10) . The 

b i o t i t e  has nz = 1.649 2 0.003, birefzingence 0.050 froE th in  section, 

2 = red-brown, 2Vx less than 10°,f  about 3.08. 

high Ti02  are common in high-grade metamorphic b io t i t e s  (eg. Engel and 

The red-brown color and 

Engel, 1960, p. 24) . 



Table 3. Eode and analysis of pyroxene horr,fels specimen 613 and calculated 

analysis fo r  the biot i te .  

quart e 

plagioclase 

K feldspar 

i I Z9,t it, e 

!ypwsthenb 

A = -31.8 

C = 17.8 

F = 40.4 

volume percent 

2 03 

59.0 

0.0 

20.2 

18.5 
100.0 
- 

Si02 

A1203 
Ti02  

Fe203 
FeO 
MnO 

Mgo 
CaO 
Na20 

K2° 
H p -  

Analysis by A. G. Loomis and the  writer. 

weight percent 
- rock b i o t i t e  

52.2 36 .? 

19.6 16.6 

0.8 4.4 

0.27 1.3 

8.59 16 .a 
nd 

7.4 11.7 

6.0 0 .? 
2.8 

1.9 8.6 

nd 

99.5 m 



\ 

The equilibrium of the reaction above is  dependent upon the 

par t -h i  pressure of water, which appears as a f ree  phase, as w e l l  as 

teEperature. i k t e r  pressure w i l l  inhibi t  the reaction ai; a ~ y  giver, 

temperature when it r i ses  t o  the point at  which hypersthene is jus t  

s table  w5th respect t o  a hydrous phase. Boyd (1959, p. 389) believes 

tha t  subsolidus pyroxene is not s table  a t  any temperature a t  a water 

pressure of more than about bars. A pressure of nearly U O O  bars 

was the approxinate load pressure calculated from other consideratior3 

(sea  Physical Conditions) . The reaction as written runs, at  720°C 

and l&.OO bars, with an increase of volume fron 435 ,= 512 2; 
mol i7.d 

the water a t  t ha t  temperature and pressure has a volume of LG.4 2 
mol 

(Holser and Kennedy, 1959, p. 76). For the reaction t o  run at  equal 

o r  decreashg volume, about 80 percent of the water produced & the 

reaction must escape. Unless the reaction runs t o  a decrease of 

volume, the water pressure must equal the load Lxessure b e c a s e  the 

water vapor must hold the grains aA3art. If t::e reaction hac! been 

able t o  go t o  the r igh t  when water pressure was 2s great as load pressure, it 



c ’ ,  

I. 

1 

would have run u n t i l  one of 7 ; h  reactants had been depleted; the only 

control on the r a t e  wodd have been the kinet ics  of the reaction. 

It is concladed tha t  the reaction could not run when water pressure was 

as great as  load pressure oecause the two reactants, b i o t i t e  and quartz, 

are s t i l l  present in the rock and the textures i n  Figure 

much recrystall ization. 

upon the r a t e  at  which water vapor r”lowed from the terrain.  Yoder (1955, 

p. 513-516) described the process as depending primarily upon the 

perrreability of the recrystall izing rock, provided tha t  the reaction rate 

is faster than the flow rate.  

9 suggest 

The ra te  of the reaction must have been dependent 

The problem of t o t a l  vapor pressure in rocks undergoing recrystal l i -  

zation is  very complex. 

s t a t e  recrystal l izat ion if the load pressure at  tha t  depth f a r  exceeds 

the crushjng strength of the mineral grains of the  rock--that is, i f  the 

rocks a re  not strong enough t o  support pore space, any sas phase mus’1; 

support the rocks t o  exist. 

flcias muld lower the vapor ;;ressw-e unless the amount cl vapor is large 

coxpared t o  the  surface area or the volume of s i l i c a t e  liquid. 

gas phase is f a i r l y  large, it must exis t  in voids among the solid phases, 

It should be independent of volume under so l id  

Surface phenomena or  the presence of axkecti.. 

If the 

and must support the t o t a l  load pressure minus t h a t  supported by the strength 

of the adjacent grains. 

the depth involved, o r  if they are  held nearly out of contact with one 

another by the vapor can it be stated tha t  vapor pressure is as  great as 

t o t a l  rock pressure, although tha t  re la t ion is usually assumed. Tensile 

strength Within %he rocks would allow vapor pressure t o  rise substantially 

above the load pressure locally, but such &cess pressure probably could not 

Only i f  the  grains have very l i t t l e  strength at 

be a i n t a i n e d  for  long i f  t h e  rocks a re  being d e f o m d  by intrusive novements 

o r  are being fractured tectonicaU.3.. 
- 



The actual fugacitg of any cozponent in a gas mixture i s  a 

different  problem, and depends upon the concentrations of the components 

present a t  any given temperature. 

in gas mixtures are scarce. 

fugacity of C02 i n  C02-H20 vapors is substantially greater than tha t  

expected from its molar concentration. 

described below, however, it appears t ha t  the  vapor composition in the 

Experimental data on fugacity coefficients 

However, Walter (1963) has shown t h a t  the 

From considerations t o  be 

\ 

pyroxene-hornfels facies  rocks was too reducing t o  

major constituent. 

6s the 60 percent of the Water produced in 

permit C02 as a 

the .reaction t o  

hypersthene escaped and the rocks bzgan t o  decrease i n  volume, the 

g r a k s  should have contacted each other irregularly and exerted some 

strength (sandstones commonly have som porosity at  depths of 2 t o  3 miles). 

It seem reasonable tha t  f o r  short periods of time the grains would have 

sup2orted some of the load as they compacted. Water pressure probably 

f e l i  below load pressure very rapidly as the grains s t e r t e d  t o  supporz 

eac:: ocher. 

The originally fine-grained t u f f s  a r o i d  the contact a t  

Dicks Lake were deformed a s  they were recrystall izing during intrusion. 

. 

The hypersthene-bearing rocks commonly have a monoclinic fabric.  

Schistosity is para l le l  t o  the contact around the intrusion f r o n t h e  

V e h  Lakes t o  M t .  Tallac. 

l i e  i d t h  2-axes aligned subhorizontally in the fol ia t ion plane. 

- c-axes define a p fabric  S x i s  t h a t  developed in response t o  the  ve r t i ca l  

drag of the  intrusion against its Walls. 

The hypersthene poikiloblasts in Figure 8 

These 



Table 4. Analysis and node of pyroxene hornfels specimen 618. 

weight percent volume percent 

Si02 

A1203 
Ti02 

Fe 0 
2 3  

FeO 

l%O 
# 

CaO 

'2'5 

H20+ 

c02 
t o t a l  

47.77 

13 . 86 

0.84 

1.96 

9 -33 

0.22 

n.!n 
10 . 29 
1.21 

1.23 

0.16 

1.36 

0.08 
100 . 10 - 

i 
! Analysis by M. Chiba,'TokJto, Japan. 

tan  hornblende u 
plagioclase h 6 0  32 

red-brown b i o t i t e  17 

LO 
100 
- hypersthene 

. hornblende nz = 1.68 

2Vx = 86" 

2 c a= 160 

hypersthene En60 

A = 19.9 

c = 24.3 

F = 55.8 

J 
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Other reactions. -- ii reaczLan frou t a n  hornblende So 

hy-pezsthenc took place ir. an mdersaturated- naf ic  dike, specimen 618. 

?h ich  other phases participated i n  the reaction is unknown. 

texture of the  hypersthene i s  highly poikiloblastic, as is  comon 

The 

elsewhere i n  the pyroxene-hornfels facies  rocks. 

node of specimen 618 is given i n  Table 4. 

An analysis and 

Diopsidic awite occurs with or  without hyperstherie in the - 

pyroxene-hornfels facies  rocks; b i o t i t e  is always present. 

calculated analysis Qf a calcic andesine-diomidic augite- red brown b io t i te -  

K feldspar-quzrtz hornfels i s  giver, i n  Table 5* 

and less  FeO t k m  specimen 6'13 (TaUe 3); it is the  excess of CaO &A 

not a lower teaperatwe which caused the  crystal l izat io-  GZ augite 

A mode and 

The rock :-. 3 nore CaO 

h s t e a d  of hypersthene. 

. -  



Table 5 .  14ode and calculated analysis of pyroxene-hornfels specimen 683. 

weight percent volume Percent 

quartz 2.6 

plagioclase 48.5 

9 -0 K feldspar 

b io t i te  24.3 

augiie 15.5 

total 99.9 
- 

plagicjclase An 

augitz Ca Fg Fe 

Dens2bg 2.840 

45 

r;l 39 10 

Si02 

&2'3 
Ti02  

Fe 0 

FeO 
2 3  

Mgo 
CaO 

Na20 

K2° 
H20+ 

t o t a l  

I A = 21.9 

c = 28.4 

F = 49.7 

52.8 

18.4 

1.2 

0.4 

6.1 

8.0 

3 .i 

3.5 

1.0 

99 -7 
- 

, 



RXTFWXA.DE EFZECTS 

Within 100 t o  200 feet of  the contacts of the Glen Alpine 

and Dicks Lake granodiorites, nearly a l l  of the orthopyroxene and 

much of the clinopyroxene has been al tered t o  tan  o r  green hornblende 

with some magnetite. This a l terat ion evidently was caused by l a t e  

hot solutions emanating from the plutons, The retrogradf: hornblende 

is optically but not textural ly  ident ical  with the prograde hornblende. 

(Compare Figures 5 and 6.) It is the retrograde hornblende xMch has 

che c h s s i c a l  hornfelsic sieved texture. The small inclusions i n  the 

large s2orgy hornblende grains are plagioclase and quartz, indicating 

that  the retrograde reaction was essent ia l ly  the reverse of %he progr-de 

reaction (1). 
^I_ --, 

Farther from the contacts than about 200 feet ,  t h e  pyroxenes 

-re fresh or  a re  a l tered t o  pseudomorphous fibrous act inol i te .  

hornblende has been altered t o  ect inol i te ,  however, suggesting tha t  the 

revers2 of the reEction of a c t i x l i t e  &us an aluminous mineral t o  

No 

hornblende is  not easi ly  reversible, 

The water content of the retrograde hornfelses I s  commonly ' 

between one and two percent. Their volume is  equal t o  10 percent or 

l e s s  of the plutons, so tha t  the retrograde minerals accomk f o r  the 

equivalsnt of l e s s  than 0,s of water by weight from the  magmas. 

, 



." 
-*e. " 

! The bulk of the evidence available f romthe  rocks of the 

Et. Tallac roof remant indicates t ha t  most o r  a l l  of the heat 

responsible fo r  the contact recrystall ization was transferred by 

radiation and conduction, and not by condensation of vapors driven 

from the magma. 

took place while magmatic moveIcents were st i l l  proceeding, as evidenced 

by the fabric  of the contact schists of the pyroxene hornfels facies 

(Figure 8 ) .  

crystals  (K feldspar, quartz, some hornblende and b io t i t e )  which could 

Rot have survived post-crystallization movements, so the  magma must 

have been a t  leas t  one-third liquid during the  period of maximum 

temperatures i n  the  waUrocks. 

- 

The recrystall ization of the highest-grade rocks 

The Dicks Lake granodiorite has about 30 percent po ik i l i t i c  

From considerations on the oxidation s t a t e  

of t he  ferromagresian minerals detailed elsewhere (Loomis, LF63) , t h e  

-nagna ?robably did not contain enough water t o  become satwated u n t i l  

xuch mcre than two-thirds of 2 . 5  body was solid, and water would not 

i-ave bzen expelled until tk-at t he .  

;,allrocks would have greatly hpeded m e  reaction t o  the orthopyroxenes; the 

dist r ibut ion in  plan of the pyroxene hornfels facies  strongly suggests 

t h a t  t he  high-grade rocks were prohibited from forming unti l  the contact 

zone had become s u f f i k e n t l y  dry. 

h c e a s  magmatic-water in t h e  

Jaeger (1959, p. 47) pointed out that  ''no thermal reason exists;: 

f o r  narrow contact zones around large intrusions. 

narrow contact zones are common may only indicate t h a t  the  rate of flow 

of water out of the walls controlled the rates of reactions from hydrous 

The f ac t  that re la t ive ly  
I 

t o  anhydrous assemblages. 



The magma may have drawn i n  water f romthe rocks near the 

contact, as suggested by Goranson (1937), and not expelled it mtil a 

l a t e  stage. 

present position and the water in the  w a l l  rocks was a t  a higher pressure 

than t h a t  i n  the m e l t ,  water would diffuse into the  magma until  the  

chemical potential  of the  water was the  same on both sides of the 

If t h e  magma was not saturated when it arrived zt  i t s  

contact. The experimental data by Tuttle and Bowen (1958, p. 58) on 

the  so lubi l i ty  of water i n  granitic l iquids can be evaluated fo r  the  

heat of solution of the water (Lewis and Randall, 1923, p. 229) 

where b H is the  differential heat of solution, N is t h e  i d i  f ract ioz 

*.:f water dissolved, T is the  temperature i n  OK, R is the gas ccnstant, 

and P is the t o t a l  pressure. 

-:hemic 

The result is t h a t  the solution of water is  exo- 

and of t h e  order of l& t o  lo2 cal/mole. 

'The ?ossibil i ty,  suggest3d by Sosman (19501, t ha t  thermal 

xanspi ra t ion  would ac t  t o  move water vapor toward the magma appears n& 

tc be valid. 

m v e  from a region of lower t o  higher temperature when enclosed in volumes 

Thermal transpiration is the process i n  which gas molecules 

s c a l l  relative to t he  molecular mean f ree  path. Loeb (1961, p. 354) pointed 

out t h a t  the  s ize  and geometry of the pore spaces is c r i t i c a l  i n  maintaining 

large temperature gradients over the distance of a mean f ree  path. 

vapor a t  700" C and U O O  bars has a density of about 0.4 g/cc, however; i ? " r  a 

lluid tha t  dense the mean f ree  pcth is similar t o  the molecular diameter wfiich 

is about 4 x 10 

smaller then t h e i r  diameter, even if fractures,  of the  order of 

ahculd e-yizt. 

Mater 

-8 cm. Clearly, water moiecules'cannot move about in pores 

cm 



CGIPOSITIONAL CONTROL CF CLINOPYROXENE 

Diopside o r  augite occurs i n  the M t .  Tallac remnant i n  the 

actinolite-hornfels, hornblende-hornfels, end pyroxene hornfels facies. 

As shown i n  Figure 4, the  clinopyroxene coexists wi th  ac t ino l i te  and 

z l h o z o i s i t e  in metasedimentary rocks which occur with actinolite-bearing 

-mafic rocks, It commonly occurs without act inol i te ,  however, U rocks 

.tir,ich have excess calcite.  The assemblages quartz-diopsidic awite-actirroli te 

and auartz-diopsidic augite-calcite are interbedded. 

Augite occurs as a product of the reaction of hornbleade with 

anorthite and quartz i n  rocks of the high-grade hornblende-hornfels 

facies, suggesting t h a t  the control cn its appearance is primarily thermal. 

However, the assemblage xite-plagioclase-bioti te-quartz occurs immediately 

s-urounding eisidote c las t s  in rocks which are  otherwise 

+rnblende-piagioclase-biotite.rquartz. 

sources of excess CaO, causing t h e  crystal l izat ion of augite a t  a lower 

._ _ _  -- ..-_ - 

The epidote nodules acted as 

temperature then i n  the normaltTSf breccias. 

Augite occurs with or  withou3 hypersthene i n  the pyroxene hornfels 

fac ies  rocks. Specimens 613 and 618 with hypersthene alone, have molecular 

m t  ios  CaO = 0.35; and 0.43, respectively (Tables 3, 5). Specinen 683, 00 
with augite alone, has a molecular r a t i o  

narrow coIcpositiona1 f i e l d  within which both augite 

CaO 
(Mg,Fe)O 

= 0.57 (Table 4) A 

and hypersthene occur 

exists where the molecular r a t io  Cao 0.50. ?Em 



The general re la t ions of the  netamorphic minerals t:%t occur 

-within the M t .  Tallac roof reunant a re  shown diagrammatically i n  

Fi,Pure 11. 

nearly saturated with SiOz. 

The diagram is applicable f o r  rocks which a re  saturated o r  

Carbonate and ultramafic rocks are not 

included. The temperatures on the ordinate are upon the  

phase equi l ibr ia  given by Boyd (1959) and temperature 

determined f o r  the epidote-andradite o~tl.:~.ed 
i n  the following section. 

PHYSICAL CONDITIONS 

Load pressure. - An estimate of the l i t hos t a t i c  p-essure 

which existed during the  contact metaqorphism can be made by two methods 

which are indepenuent of the  mineral assemblages in the racks. 

t o  project rock structures above the present surface; the second is 

t o  estimate the depth of erosion from de ta i l s  of the TertFar;r chronology 

One is 

=rid der"inition of geomorphic surfaces in the  surrounding area. 

No pluton i n  the area shows avidence of an arched o r  domical 

str%.&mrei;4% the exposed level;  a l l  have a discernable fo l i a t ion  which 

p r a l h l s  contacts and which i s  commonly steeper than 70". PZost contacts 

d ip  under the  roof remnant, however, indicating tha t  the  plutoxs were 

closing st rucfural ly  at higher levels.  The s t ructure  of the  Camper Flat 

granodiorite requires at  l ea s t  15,000 feet of rock above the  present surface 

if the  pluton had a convex top. The dimensions of the s t ruc tura l  c e l l s  of 

the Nrights La'ie granodiorite, which is s l igh t ly  t o  the west of the  area 

shown i n  Figure 1, would a lso  require about l5,OOO feet t o  close in to  an 

arched form. 

M t .  Tallac when projected t o  a point above the  pyroxene hornfels facies  rocks 

The rocks exposed in the  core of the  syncline a t  the to? of 
r' 

would l i e  12,OOO feet above the preserA level.  



. 
Details of the geomorphology and Tertiary chronology of the 

northern Sierra Nevada indicate a maximum depth of erosion of about 

25,000 feet  since intrusion of the y o w e s t  grani t ic  rocks (Loomis, in press). 

The t o t a l  overburden, then, can be estimated a t  20,000 t o  25,000 feet ,  

which would correspond t o  about 1500 bars i f  the average rock density 

were 2.5 g/cc. 

Temperature. - The maximum temperature reached during recrystall iza- 

t i o n  of the pyroxene-hornfels facies rocks may be estimated in several ways, 

as follows. 

a )  The highly sporadic and pztchy occurrence of K feldspar, 

and the large, spongy, i n t e r s t i t i a l  nature of the quartz 

In many specimens suggest tha t  these minerals had begun -!x 

m e l t .  . A t  1000 a t m  P H ~ ~ ,  melting might begin above 720" 
7'. 

(Tuttle and Bowen, 1958,' p. 54-57'). 

b) The r a t i o  of Ab in  plagioclase t o  Ab in coexisting K feldspar 

is, a t  any given pressure, a potentially valuable thermometer 

(Barth, 1956). 

rocks have 2Vx from 47" t o  6k0, averaging 54". 

s l igh t ly  per th i t ic  near the  edges of the crystals  and are 

untwinned. 

approximation t o  t h e  Ab content of the feldspar, and taking 

the plagioclase as An b O r  Barthls 1956 curve gives 

850"-900"; t h i s  seem too high. 

K feldspars in the biotite-hypersthene contact 

They are only 

Using Tuttle's curve (1952) f o r  a gross 

57A 40 3' 



c) If the contact is consickred a plane in the small area 

west of Upper Velma Lake and Fontanillis Lake, and the 

intrusion as an instantaneously intruded sheet with , 

thickness of about lo00 meters, the maximum temperature 

of the country rocks 200 meters from the contact would be 

about 75 percent of the initial contact temperature 

(Jaeger, 3-959, p. 47) . If the initial temperature was 

1000" for the quartz diorite, the temperature at 200 meters 

would have been about 750" for Jaeger's nodel. 

Zypersthene has diopsidic exsolution lamallae parallel to d) 

the optic axial plane only, indicating that it is not irwerfYed 

pigeonite (Hess, 1951) . 
A reaso?.ab',e figure for the maximum recrystallization tenperature of 

the pyroxene-horrfels facies rocks is 750" . 
The recrystallization temperature of the two hornblende horrifels 

Zacies rocks &!J+ and B (Table 1) can be roughly estimated. 

LO ardradite reaction (reaction 3) appears experimentally to occur betweer.. 

575" and 600" at, 2000 bars PHHzo. 

to have begun in rocks which lie between the horhblende-bearing hornfelses 

and the clinopyroxene-biotite hornfelses. 

The epidoh 

That reaction is observed in the field 

The spread in maximum 

recrystallization temperature between specimens 444 and B can be estimated 

as 100" to 130" by applying Jaeger's (1959) thermal models, as in (c) above. 

The estimated recrystallization temperatures would then be zbout 525" for 

the hornblende-bearing rock(&) and about 6250 to 650" for the 

clinopyroxene-bearing rock( B) . 

. .  " , , ,, , k'. .i .: 



Relative temperatures. -- Relative final recrystallization 
temperatures for the analyzed rocks cas be calculated if the. assumption 

is made that the juvenile hydrogen pressure was equal in all of the 

rocks during metamorphism. "he ferric to ferrous iron ratio expressed 

in mol fractions is a function of the partial pressure of aygen, PQ2, 

and the temperature. 

Kubaschweski and Evans (1958, p. 338) gave A F = 74,620 - 29.9 'f- 

for the reaction Fe 0 -A 3Fe0 + l/202. From this and the relation 34- 
A f = .W In K, K can be calculated for any temperature. The 

and FeO will be assumed equal to their respective activities, and the 

partial pressure of oxygen equal to its fugacity; both approximatiors 

are sufficiently acchate for this calculation. 

The P that obtained during the final recrystallization of the 

pyroxene-hornfels facies rock (Table 3 )  can be calculated in the manner 

shown by Kennedy (1948). 

FeO = 7.70 percent, and Fe 0 = 0.11 percent of the rock. 

temperature 75OoC, K = 10-9.60. 
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When the analysis is recalculated to moles, 
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This very low To 

vapor in the reaction (written as  a dissociation here) H20+ H2 + 1/2 S2. 
If a l l  t h e  hydrogen present in tkie rocks came from t h i s  dissociation, the 

water pressure can be calculated f ro3  the relat ion 

must have been i n  equilibriun with hydrogen and watzr 
2 

and the value of the equilibrium constant K. 

can be calculated from the data given by Kubaschweski and Evans (1958, 

p. 339) in the same way as the above calculation fo r  K fo r  the oxidation 

of iron was made. 

K f o r  1 a t m t o t a l  pressure 

The pressure of water calculated with t h i s  equilili,-iur: 

constant m u s t  be multiplied by the correction factor of [g2'3 
because there a re  more moles on t h e  r ight  side of the diS.soc5.&ion equation 

than the l e f t  (increasing t o t a l  pressure tends t o  inhibi t  the dissociation). 

The water pressure derived i n  t h i s  way f o r  spechen 613 is 

absurdly low figure. 

a tma  an 

Excess hydrogeii, over the above that '  Thich would 

come fromthe dissociation or" water, must have been present. For the 

water pressure t.o have been 1000 atm, hydrogen mst have been 6 volume aercent 

of the to t a l ,  or  about 60 atm,  

reported in analyses of volcanic rocks. 

Six  percent i s  a higher figure than those 



. 
If the 6 percent of hydrogen Is assumed t o  have besx present 

in a l l  of the contact rocks a t  t h i s  level, re la t ive  temperatures of 

recrystal l izat ion can be calculated by finding the temperature a t  which 

an equilibrium constant and its derivative Po s a t i s f y  the re la t ion  2 

a t  a given t o t a l  pressure of H20 + E, + 02. K -  - 

If the temperature of the pyroxene-hornfels facies rocks was 750" at 

P H ~  = lo00 a t m ,  the temperature of recrystal l izat ion of specimen 4.44 

(Table 1 and Figure 5) was 530°, which is close t o  t h a t  which was 

estimated from the experimental data and thermalmodels, a s  explained 

above. 
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lF imnr  _- - . Index map show- location of roof r e m i t .  

4 
F i m m  2. Seologic nap. 

Finure 2. I c t ino l i t e  pseudomorphs after clinopyraxene showing complex twinning. 
jatches i n  some grains are r e l i c t  augite. 
3pecimen 584. 

Dark 
z Plagioclase is labradorite. 
i.' 

i 
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F i m e  4. ketamorphic diopsidic augite (2Vz = 50-55") and pale green prismatic 
act inol i te .  Specimen 519. 

Prograde hornblende from mafic meta-andesite hornfels i n  Glen Alpine 
aureole. Specimen 4.44. 

FiEk-e 2. 
I 
1 F i m e  r , L  ;&rograde hornblende a f t e r  augite in mafic meta-andesite hornfels i n  

Xen Alpine aureole. Specinen 440. 
L 

! F i m m  ? .  r;?lict subhedral plagioclase fora  retained in clinopyroxene-beaAng 
I I:i;:nfels, Glen Alpine aureole. Specimen B. 

Fiaw C. ?ctz-ic or" labradorite-hypersthene-biotite-quartz contact schist .  c-axes 
I 
I 

I 
of the hllrpersthene porphyroblasts are aligned i n  plane of photograFh. - c-axis i ineat ion is  subhoriaontal and trends p a r a l l e l  t o  the contact. 

&action re la t ion  shown between b io t i te  and hypersthene; very l i t t l e  
'rjiotite exists inside the  porphyroblasts r e l a t ive  t o  plagioclase as 
iompared with the  surrounding rock. 

3 e  

Spechen 614. 

I 
, Figure 9. Detail of hypersthene-biotite relationship. Specimen 613 . 

F i m e  10. Hypersthene porphyroblast surrounded by K feldspar concentration. 
Hypersthene has exsolution lamellae of diopside pa ra l l e l  t o  the opt ic  
plane only. Specimen 6U. 

FI :~c,,.i; . -- 11. +$timated temperature-composition relationships among mafic metamorphic 
L n e r a l s  from M t .  Tallac hornfelses. 
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